The phenotype of substantia nigra (SN) neurons in homozygous weaver (wv/wv) mice was studied by combining patch-clamp and single-cell RT-multiplex PCR techniques in midbrain slices of 14-d-old mice. In contrast to GABAergic SN neurons, which were unaffected in homozygous weaver mice (wv/wv), dopaminergic SN neurons possessed a dramatically altered phenotype with a depolarized membrane potential and complete loss of spontaneous pacemaker activity. The gain-of-function phenotype was mediated by a large, nonselective membrane conductance exclusively present in (wv/wv) dopaminergic SN neurons. This constitutively activated conductance displayed a sensitivity to external QX-314 (IC 50 ϭ 10.6 M) very similar to that of heterologously expressed wvGirk2 channels and was not further activated by G-protein stimulation. Single-cell Girk1-4 expression profiling suggested that homomeric Girk2 channels were present in most dopaminergic SN neurons, whereas Girk2 was always coexpressed with other Girk family members in GABAergic SN neurons. Surprisingly, acute QX-314 inhibition of wvGirk2 channels did not induce wild-type-like pacemaker activity but instead caused membrane hyperpolarization. Additional application of a blocker of ATP-sensitive potassium channels (100 M tolbutamide) induced wild-type-like pacemaker activity. We conclude that the gain-of-function weaver phenotype of dopaminergic substantia nigra neurons is mediated by coactivation of wvGirk2 and SUR1/Kir6.2-mediated ATPsensitive K ϩ channels. We also show that in contrast to wildtype neurons, all (wv/wv) dopaminergic SN neurons expressed calbindin, a calcium-binding protein that marks dopaminergic SN neurons resistant to neurodegeneration. The identification of two ion channels that in concert determine the weaver phenotype of surviving calbindin-positive dopaminergic SN neurons will help to understand the molecular mechanisms of selective neurodegeneration of dopaminergic SN neurons in the weaver mouse and might be important in Parkinson's disease.
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The neurological phenotype of the weaver mouse (Lane, 1964) consists of the selective degeneration of cerebellar granule cells (Rezai and Yoon, 1972; Rakic and Sidman, 1973) and dopaminergic neurons in the substantia nigra (Schmidt et al., 1982) in homozygous mutants. A missense mutation (G953A) in the Girk2 gene (KC NJ6), which codes for a subunit of a G-protein-activated inwardly rectifiying K ϩ channel, was recently identified in the weaver mouse (Patil et al., 1995) . The mutation results in a single amino acid substitution (G156S) in the GYG-selectivity filter of the Girk2 channel pore. In consequence, heterologously expressed homomeric wvGirk2 mediates nonselective cationic channels (Kof uji et al., 1996; Navarro et al., 1996; Slesinger et al., 1996) . Recombinant wvGirk2 channels were also constitutively active and did not show physiological activation by G-proteins. It is not clear whether heteromerization of wvGirk2 with other members of the Girk family (Girk1-4 or K ir3.1-3.4) alters the gain-of-function wvGirk2 channel phenotype (Kofuji et al., 1996; Navarro et al., 1996; Slesinger et al., 1996) . These studies in heterologous expression systems indicated that the effect of the weaver mutation in different neuronal populations might depend on their cell-specific gene expression profiles, in particular, of the Girk-family. Because Girk2 is widely present in many neuronal populations , differences in coexpression pattern might also explain the high selectivity of neurodegeneration in weaver brain, which targets cerebellar granule and dopaminergic midbrain neurons. Interestingly, equivalent pore mutations in other potassium channels either lead to gain-of-function (Sh G444S , Heginbotham et al., 1994) or negative dominant, loss-of-function phenotypes (Kir6.2 G132S , Miki et al., 1997; KCNQ4 G285S , Kubisch et al., 1999) .
The generation of a Girk2 knock-out mouse demonstrated that a simple loss-of-function was not sufficient to reproduce the selective neurodegeneration found in weaver (Signorini et al., 1997) . Loss-of-function as well as gain-of-function phenotypes have been described for cultured weaver granule cells (Kofuji et al., 1996; Surmeier et al., 1996; Slesinger et al., 1997) . A recent in vitro brain slice study on premigratory weaver granule cells, which is the developmental stage associated with weaver-mediated degeneration, reported a loss-of-function of G-protein-activated K ϩ channels (Rossi et al., 1998) . Thus, the description of the electrophysiological phenotype of weaver granule cells remains controversial.
The electrophysiological properties and the neurodegenerative mechanisms of dopaminergic substantia nigra neurons in the homozygous weaver mouse are unknown. Their degeneration is most dramatic in the first three postnatal weeks when already 50% of these neurons die (Bayer et al., 1995a; Verney et al., 1995) . Similar to the neurodegenerative pattern of dopaminergic midbrain neurons in Parkinson's disease and its neurotoxicological animal models, dopaminergic subpopulations are differentially affected in the weaver mouse (Graybiel et al., 1990) , and a calbindin-positive subpopulation of DA neurons survives (Gaspar et al., 1994) . In addition, late-generated dopaminergic SN neurons preferentially die in the weaver mouse (Bayer et al., 1996) . Because similar subpopulations of vulnerable dopaminergic SN neurons are targeted in weaver and in Parkinson's disease, it is possible that the sequences of cellular events leading to selective neurodegeneration converge at a point downstream of an initial trigger mechanism. In weaver, the Girk2 mutation sets a well defined starting point, whereas for Parkinson's disease a similar Girk2 mutation has been excluded, and the etiology is still unknown (Bandmann et al., 1996) . Thus, understanding the phenotype of (wv/wv) dopaminergic SN neurons might have important implications beyond this particular mouse model. To analyze the cellular phenotype of dopaminergic SN neurons during the period of massive neurodegeneration, we combined whole-cell patch-clamp and single-cell RT-multiplex PCR (RT-mPCR) techniques in acute midbrain slices of 14-d-old postnatal weaver and control mice.
MATERIALS AND METHODS
Slice preparation. Unaffected (ϩ/ϩ), heterozygous (wv/ϩ), and homozygous (wv/ wv) weaver mutant mice (B6CBAC a-A w-J /A-wv) and C57Bl /6J mice were used (14 postnatal days old). Homozygous weaver mice were obtained by intercross mating of heterozygous weaver mice (The Jackson Laboratory, Bar Harbor, M E). Genotypes were defined by DNA analysis from tail biopsies. Mice were deeply anesthetized with halothane and then decapitated. Brains were removed quickly, immersed in ice-cold solution, and then blocked for slicing. Thin coronal midbrain slices (250 m) were cut with a Vibroslice (C ampden Instruments, L ondon, UK) while bathed in an ice-cold artificial C SF (AC SF) containing (in mM): 125 NaC l, 25 NaHC O 3 , 2.5 KC l, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 2 MgC l 2 , and 25 glucose, bubbled with a mixture of 95% O 2 and 5%C O 2 . After sectioning, midbrain slices were maintained submerged in a holding chamber filled with gassed AC SF and allowed to recover Ͼ30 min at room temperature (22-24°C) before the experiment. Midbrain slices containing a clearly defined substantia nigra pars compacta at the level of the rostral interpeduncularis nucleus and the caudal mammillary nucleus (corresponding to levels 2 and 3; Nelson et al., 1996) were used for the experiments.
W hole-cell recordings and data anal ysis. For patch-clamp recordings, midbrain slices were transferred to a chamber continuously perf used at 2-4 ml /min with AC SF bubbled with a mixture of 95% O 2 and 5% C O 2 at room temperature (22-24°C). Patch pipettes (1-2.5 M⍀) pulled from borosilicate glass (GC150TF; C lark, Reading, UK) were filled with internal solution containing (in mM): 120 K-gluconate, 20 KC l, 10 H EPES, 10 EGTA, 2 MgC l 2, , and 2 Na 2 ATP, pH 7.3 (290 -300 mOsm). Whole-cell recordings were made from neurons visualized by infrared differential interference contrast videomicroscopy with a Newvicon camera (C2400; Hamamatsu, Hamamatsu C ity, Japan) mounted to an upright microscope (Axioskop FS; Z eiss, Oberkochen, Germany) (Stuart et al., 1993) . Recordings were performed in current-clamp and voltageclamp mode using an EPC -9 patch-clamp amplifier (Heka Elektronik, Lambrecht, Germany). Only experiments with uncompensated series resistances Ͻ10 M⍀ were included in the study, and series resistances were electronically compensated (50 -75%). The program package Pulse ϩ Pulsefit (Heka) was used for data acquisition and analysis. Leakage and capacitive currents were subtracted on-line using the P/4 subtraction method as indicated. Records were digitized at 2-5 kHz and filtered with low-pass filter Bessel characteristic of 1 kHz cutoff frequency. DMSO-or NaOH-stock solutions of the drugs were diluted 1000-fold in an external solution containing (in mM): 145 NaC l, 2.5 KC l, 10 H EPES, 2 C aC l 2 , 2 MgC l 2 , and 25 glucose, pH 7.4, and applied locally under visual control using a buffer pipette attached to a second manipulator. Switching between control and drug-containing solutions was controlled by an automated application system (AutoMate Scientific, Oakland, CA). Data were given as mean Ϯ SEM. To evaluate statistical significance, data were subjected to Student's t test in Sigmaplot (Jandel Scientific, San Rafael, CA).
Cytoplasm harvest and RT. For single-cell RT-PCR experiments, the patch pipettes were filled with 6 l of autoclaved internal RT-PCR solution containing (in mM): 140 KC l, 5 H EPES, 5 EGTA, and 3 MgC l 2 , pH 7.3. At the end of the recording (Ͻ15 min), the cell contents (including the nucleus, in most cases) were aspirated as complete as possible into the patch pipette under visual control (40ϫ objective and 2-4 ϫ zoom) by application of gentle negative pressure. C ells were only f urther analyzed when the whole-cell configuration remained stable throughout the harvesting procedure. Pipettes were then quickly removed from the cell, washed two times through the solution interface, and the pipette contents were immediately expelled into a 0.5 ml test tube containing the contents for reverse transcription. First strand cDNA was synthesized for 1 hr at 37°C in a total reaction volume of 10 l containing random hexamer primers (Boehringer Mannheim, Indianapolis, I N; final concentration, 5 M), dithiothreitol (final concentration, 10 mM), the four deoxyribonucleotide triphosphates (Pharmacia, Piscataway, NJ; final concentration, 0.5 mM each), 20 U of ribonuclease inhibitor (Promega, Madison, W I) and 100 U of reverse transcriptase (Superscript II; Life Technologies, Gaithersburg, MD). The single-cell cDNA was kept at Ϫ70°C until PCR amplification.
Multiple x and nested PCR . After reverse transcription, the cDNAs for Girk1, Girk2, Girk3, and Girk4, TH, and GAD67 or SUR1, SUR2, K ir6.2, K ir6.1, calbindin D 28K , TH, and GAD67 were simultaneously amplified in a multiplex PCR using the following set of primers (from 5Ј to 3Ј). Primer pairs for TH, GAD67, SUR1, SUR2, K ir6.2, K ir6.1 were identical to those used in Liss et al. (1999) . First multiplex PCR was performed as hot start in a final volume of 100 l containing the 10 l reverse transcription reaction, 100 pmol of each primer, 0.2 mM each dN TP (Pharmacia), 1.8 mM MgC l 2 , 50 mM KC l, 20 mM Tris-HC l, pH 8.4, and 3.5 U Taq-polymerase (Life Technologies) in a Perkin-Elmer Thermal C ycler 480C with the following cycling protocol: after 3 min at 94°C, 35 cycles (94°C, 30 sec; 58°C, 60 sec; 72°C, 3 min) of PCR were performed followed by a final elongation period of 7 min at 72°C. The nested PCR amplifications were performed in individual reactions, in each case with 2.5 l of the first PCR reaction product under similar conditions with the following modifications: 50 pmol of each primer, 2.5 U Taq-polymerase, 1.5 mM MgC l 2 , and a shorter extension time (60 sec) using the following primer pairs: Girk1 sense, GACCC T-GATGTTTAGCGAGC ( To investigate the presence and size of the amplified fragments, 15 l aliquots of PCR products were separated and visualized in ethidium bromide-stained agarose gels (2%) by electrophoresis. The predicted sizes (base pairs) of the PCR-generated fragments were: 316 (Girk1), 693 (Girk2), 412 (Girk3), 257 (Girk4), 377 (TH), 702 (GAD67), and 215 (SUR2), 298 (K ir6.2), 401 (SUR1), 448 (K ir6.1), and calbindin (440). All individual PCR products were verified several times (n Ͼ 3) by direct sequencing or subcloning and sequencing.
R NA isolation and cDNA preparation for control reactions. Poly(A) ϩ RNA was prepared from ventral midbrain of 13-d-old C57Bl /6J mice using the Micro-FastTrack K it (Invitrogen, San Diego, CA). The reverse transcription was performed with 500 ng of poly(A) ϩ RNA as described above. For the positive controls performed in parallel with each singlecell amplification, the resulting midbrain cDNA-stock was diluted 1000-fold, and 1 l was used as template for the PCR reaction. All PCR fragments were detected routinely in the positive control with the PCR protocol described above. Negative controls were performed in parallel to single-cell experiments excluding only the harvesting procedure and resulted in no detectable bands. To probe for possible amplification of genomic DNA from the harvested single nuclei, single-cell mPCR amplifications were performed without previous reverse transcription. For all analyzed neurons (n ϭ 8), no PCR products were detectable. When possible, primer pairs were designed to be intron-spanning.
RESULTS
We analyzed the electrophysiologcal properties of dopaminergic SN neurons in heterozygous (ϩ/wv) and homozygous (wv/wv) mutant weaver mice, as well as in nonaffected littermates (ϩ/ϩ), using the whole-cell patch-clamp technique in midbrain slices from 14-d-old mice. As shown in Figure 1 A, all (ϩ/ϩ) dopaminergic SN neurons displayed the well-described low frequency pacemaker activity (1.4 Ϯ 0.7 Hz; n ϭ 15) with depolarized thresholds (Ϫ36.6 Ϯ 0.8 mV; n ϭ 15), and broad action potentials (7.5 Ϯ 0.4 mV; n ϭ 15) as reported for dopaminergic SN neurons from C57Bl /6J mouse (Liss et al., 1999) and other species (Grace and Onn, 1989; Lacey et al., 1989; Richards et al., 1997) . Only 34% of dopaminergic SN neurons from heterozygous (ϩ/wv) animals (n ϭ 29) showed spontaneous activity with action potential characteristics not significantly different ( p Ͼ 0.05) compared to those of wild-type neurons [1.5 Ϯ 0.4 Hz, n ϭ 10, data not shown; AHP (ϩ/ϩ), Ϫ58.5 Ϯ 1.3 mV, n ϭ 15; AHP (ϩ/wv), Ϫ53.8 Ϯ 2.5 mV, n ϭ 10; AP (ϩ/ϩ), 7.5 Ϯ 0.4 msec, n ϭ 15, AP (ϩ/wv), 7.0 Ϯ 0.3 msec, n ϭ 10]. However, (ϩ/wv) dopaminergic SN neurons possessed more depolarized thresholds (Ϫ31.4 Ϯ 0.9 mV; n ϭ 10; p Ͻ 0.0005) compared to wild-type. In contrast to these minor differences between dopaminergic SN neurons from heterozygous and unaffected mice, the phenotype of the dopaminergic SN neurons from homozygous weaver was dramatically different. None of the analyzed (wv/wv) dopaminergic SN neurons was spontaneously active, and all had depolarized membrane potentials (Ϫ34.0 Ϯ 1.2 mV; n ϭ 40; Fig. 1 B) . Voltage responses to current injections were minimal, indicating a large increase in membrane conductance in (wv/wv) dopaminergic SN neurons compared to wild-type (Fig. 1C,D) . Indeed, current responses to voltage ramps from Ϫ120 to Ϫ40 mV demonstrated a large increase of resting membrane conductance (wv/wv, 8.8 Ϯ 0.6 nS, n ϭ 40; ϩ/ϩ, 1.6 Ϯ 0.2 nS, n ϭ 23; Fig. 1 E,F ) . The resting membrane conductance of dopaminergic (ϩ/wv) SN neurons was also significantly elevated (5.2 Ϯ 0.6; n ϭ 29) whereas that in unaffected siblings was almost identical to that obtained in C57Bl/6J mouse (Liss et al., 1999) . The altered (wv/wv) phenotype was specific for the dopaminergic neurons in the substantia nigra. (wv/wv) GABAergic SN neurons displayed a pattern of spontaneous activity (9.8 Ϯ 1.7 Hz; n ϭ 8) similar to those observed in controls (Liss et al., 1999) . In contrast to cerebellar (wv/wv) granule cells in brain slices (Rossi et al., 1998) , the presence of a dramatically increased membrane conductance in combination with a depolarization block of spontaneous activity clearly indicates a gain-of-function phenotype for (wv/wv) dopaminergic SN neurons.
Recent studies of heterologously expressed homomeric wvGirk2 channels have demonstrated that mutant Girk2 channels possess a high sensitivity to externally applied cation blockers like QX-314 compared to wild-type Girk2. Application of 100 M QX-314 had no effect on electrical activity of (ϩ/ϩ) dopaminer- gic SN neurons (n ϭ 6; Fig. 2 A) and did not block native membrane conductances present in dopaminergic SN neurons (data not shown). In contrast, 100 M application of QX-314 induced a reversible membrane hyperpolarization in (wv/wv) dopaminergic SN neurons (Ϫ51.3 Ϯ 2.7 mV; n ϭ 14; Fig. 2 B) . Current responses to voltage ramps from Ϫ120 to 0 mV indicated the presence of a constitutively active, linear QX-314-sensitive conductance that had a mean reversal potential of Ϫ24.2 Ϯ 3.5 mV (n ϭ 8), consistent with the mixed cationic selectivity of Girk2 channels carrying the weaver mutation (Kof uji et al., 1996; Navarro et al., 1996; Slesinger et al., 1996) and a mean conductance of 5.7 Ϯ 0.5 nS (n ϭ 8; Fig. 3A,B) . This conductance had an IC 50 for QX-314 of 10.6 Ϯ 2.0 M (n ϭ 6; Fig. 3C ), which was very similar to that determined for heterologously expressed wvGirk2 channels. To study the G-protein regulation of these channels, we dialyzed wild-type and (wv/wv) dopaminergic neurons with 100 M GTP␥S. In wild-type DA neurons, GTP␥S activated an inwardly rectif ying membrane conductance with a mean reversal potential of Ϫ92.7 Ϯ 2.2 mV (n ϭ 6; Fig. 4 A,B ) consistent with a highly K ϩ -selective G-protein-activated conductance previously described in dopaminergic SN neurons (K im et al., 1995; Lacey et al., 1988; Inanobe et al., 1999) . In (wv/wv), GTP␥S dialysis did not activate or alter subthreshold conductances (n ϭ 7; Fig. 4C ), which is consistent with constitutively active wvGirk2 channels with defective G-protein modulation.
The properties of this novel conductance identified in (wv/wv) dopaminergic SN neurons strongly suggested that it was mediated by homomeric wvGirk2 channels. To directly address this question we designed a single-cell RT-multiplex PCR protocol to determine the mRNA expression profile of the Girk1-4 channel family in SN neurons. RT-PCR experiments demonstrated that all four Girk subunits are expressed in mouse midbrain (Fig. 5A) (Figs. 5B, 6A) . In contrast, all analyzed (ϩ/ϩ) and (wv/wv) GABAergic SN neurons coexpressed Girk2 with the other Girk family members Girk1 and Girk4 (Figs. 5C, 6B ). Compared to wild-type, the coexpression profiles of (wv/wv) dopaminergic SN neurons were not significantly different ( p Ͼ 0.05; Fig. 6 A) . In addition, dopaminergic (wv/wv) SN neurons with Girk2 ϩ 1 or Girk2 ϩ 3 coexpression profiles had membrane conductances not significantly different from those expressing only Girk2 (Girk2, 10.4 Ϯ 3.8 nS, n ϭ 5; Girk2 ϩ Girk1, 9.8 Ϯ 2.3 nS, n ϭ 4; Girk2 ϩ Girk3, 11.8 Ϯ 3.4, n ϭ 3). These single-cell PCR experiments suggest that homomeric wvGirk2 channels are mainly responsible for the phenotype of dopaminergic SN neurons. However, we found no evidence that the presence of Girk1 or Girk3 mRNA, in addition to that of Girk2, affected the electrophysiological phenotype of (wv/wv) dopaminergic SN neurons.
Does the tonic activity of nonselective wvGirk2 channels fully explain the phenotype of (wv/wv) dopaminergic SN neurons? If so, acute inhibition of the mutant Girk2 channels by 100 M QX-314 would be expected to reintroduce wild-type-like electrical behavior in (wv/wv) dopaminergic SN neurons. Surprisingly, acute application of 100 M QX-314 did not reestablish pacemaker activity but rather induced a membrane hyperpolarization not accompanied by spontaneous electrical activity. In addition, the resting membrane conductance in the presence of 100 M QX-314 was still elevated (3.1 Ϯ 0.5 nS; n ϭ 8) in (wv/wv) dopaminergic SN neurons compared to wild-type. This indicated that additional membrane processes were involved in determining the weaver phenotype. As the elevated sodium influx via wvGirk2 channels was likely to cause metabolic stress (Seutin et al., 1996) we reasoned that secondary activation of ATP-sensitive potassium (K-ATP) channels in DA neurons might be a candidate mechanism for explaining the hyperpolarized state of weaver DA neurons after acute application of QX-314. Indeed, application of 100 M of the sulfonylurea tolbutamide, a K-ATP channel blocker, in the presence of QX-314 repolarized the membrane close to physiological resting membrane potentials (Ϫ38.2 Ϯ 2.2 mV; n ϭ 9) and induced wild-type-like electrical activity in 67% of weaver dopaminergic SN neurons (Fig. 7) . The tolbutamide- sensitive conductance (1.8 Ϯ 0.3 nS; n ϭ 9) reversed at Ϫ95.9 Ϯ 2.9 mV (n ϭ 9; Fig. 8 A,B) consistent with K-ATP channels. A 100 M concentration of tolbutamide had no effect on electrical activity or membrane conductances in wild-type DA neurons under metabolic control conditions (n ϭ 6; data not shown). We have previously shown that different K-ATP channels are formed in single dopaminergic SN neurons by alternative expression of the sulfonlyurea receptor isoforms SUR1 or SUR2B in combination with the pore-forming subunit K ir6.2. This resulted in K-ATP channels with high, intermediate, and low metabolic as well as tolbutamide sensitivities. We also detected that in contrast to wild-type, single (wv/wv) dopaminergic SN neurons, exclusively expressed the SUR1 mRNA (Liss et al., 1999) . Consistent with these previous findings, weaver DA neurons only express K-ATP channels with high tolbutamide sensitivity (IC 50 ϭ 6.9 Ϯ 2.2 M; n ϭ 6; Fig. 8C ).
If K-ATP channel activation is a secondary consequence of wvGirk2 channel activity, chronic block of wvGirk2 channels might reduce metabolic stress and ATP consumption and thus also remove the stimulus for K-ATP channel activation. Therefore, chronic wvGirk2 channel inhibition might be permissive for wild-type pacemaker activity in intact neurons that will be able to readjust their metabolism after the inhibition of wvGirk2 channels. Indeed, preincubation of midbrain slices for 30 min in 100 M QX-314 resulted in membrane conductances and electrical pacemaker activity of (wv/wv) dopaminergic SN neurons that were not significantly different ( p Ͼ 0.05) from those of wild-type neurons (3.0 Ϯ 1.5 Hz; threshold, Ϫ33.8 Ϯ 3.8 mV; AHP, Ϫ55.8 Ϯ 3.1 mV; AP, 7.0 Ϯ 1.5 msec; n ϭ 10; Fig. 9 ). This demonstrated that K-ATP channel activation is a specific cellular response of dopaminergic SN neurons to the gain-of-function mutation of Girk2. It also indicates that apart from the reversible K-ATP channel activation there are no further secondary changes in ionic conductances in (wv/wv) dopaminergic SN neurons. If the activation of K-ATP channels in response to the gain-offunction mutation of Girk2 is a protective cellular response, the SUR1-expressing dopaminergic SN neurons might have a better chance to survive in weaver. A cellular marker for dopaminergic SN neurons surviving neurodegeneration, not only in weaver but also in Parkinson's disease, is the expression of the calciumbinding protein calbindin D 28K . Again we used single-cell RTmPCR to analyze calbindin expression in wild-type and (wv/wv) dopaminergic SN neurons. Although only 15% of single wild-type dopaminergic SN neurons expressed calbindin (n ϭ 45), all analyzed (wv/wv) dopaminergic SN neurons were calbindin-positive (n ϭ 6; Fig. 10 ). This indicates that we study a dopaminergic population that is likely to survive in adult weaver mice. We also found that all of these calbindin-positive (wv/wv) dopaminergic SN neurons, which are characterized by coactivated wvGirk2 and K-ATP channels, exclusively express the suphonylurea receptor isoform SUR1 in combination with Kir6.2 (Fig. 10 A) . In contrast, for calbindin-positive wild-type SN neurons we detected alternative SUR expression profiles (Fig. 10 B) as previously described (Liss et al., 1999) . These results indicated that the activity of two membrane conductances, homomeric wvGirk2 channels and SUR1/Kir6.2-mediated K-ATP channels, respectively, contribute to the cellular phenotype of calbindin-positive dopaminergic neurons in the weaver mouse.
DISCUSSION
Our results demonstrate a gain-of-function phenotype in dopaminergic SN neurons in the homozygous weaver (wv/wv) mouse. In contrast to wild-type (ϩ/ϩ), these wv/wv SN neurons have lost their spontaneous pacemaker activity and are tonically depolarized. This electrophysiological weaver phenotype in dopaminergic SN neurons is mediated by the coactivation of a QX-314-sensitive and a sulfonylurea-sensitive conductance, which both were not active in wild-type neurons under control conditions. The QX-314-sensitive conductance had a reversal potential of approximately Ϫ25 mV, consistent with being carried by nonselective cationic channels. It was also not sensitive to G-protein activation induced by GTP␥S dialysis. The properties of this conductance selectively expressed in homozygous weaver DA neurons are consistent with being mediated by functionally expressed homomeric wvGirk2 channels (Kofuji et al., 1996; Navarro et al., 1996; Slesinger et al., 1997) . In addition, native and recombinant wvGirk2 channels possessed almost identical QX-314 sensitivities. Our single-cell RT-mPCR data on Girk1-4 expression supported this notion because Girk2 transcripts are not only present Figure 5 . Single-cell RT-multiplex PCR of the Girk channel family in dopaminergic and GABAergic SN neurons. A, The six PCR products of nested PCR reactions were resolved in separate lanes by gel electrophoresis in parallel with a 100 bp ladder as molecular weight marker and stained with ethidium bromide. All four Girk channel subunits and the two marker transcripts (TH, GAD67) are expressed in mouse midbrain (positive control). The amplified fragments had the size (in base pairs) predicted by their mRNA sequences, and all fragments were verified by sequencing: TH (377), Girk4 (257), Girk1 (316), Girk3 (412), Girk2 (693), and GAD67 (702) . B, mPCR expression profiling of a single (wv/wv) dopaminergic (TH ϩ , GAD67 Ϫ ) SN neuron. T wo PCR products were detected with agarose gel analysis corresponding to TH (377 bp) and Girk2 (693 bp). C, mPCR expression profiling of a single (wv/wv) GABAergic (TH Ϫ , GAD67 ϩ ) SN neuron. Four PCR products were detected with agarose gel analysis corresponding to Girk4 (257 bp), Girk1 (316), Girk2 (693), and GAD67 (702 bp).
in all analyzed dopaminergic SN neurons but in contrast to GABAergic SN neurons, Girk2 is not coexpressed with other Girk family members in the majority of cells. Thus, the formation of homomeric wvGirk2 channels is likely to occur in many dopaminergic SN neurons but will be prevented in GABAergic SN neurons. Controlling the number of f unctional wvGirk2 channels may be a crucial mechanism that enables some dopaminergic SN neurons in the weaver mouse to avoid a lethal depolarization. In this context, we found no evidence that coexpression of additional Girk family members is a dominant option in dopaminergic SN neurons. In addition, dopaminergic SN neurons coexpressing other Girk family members with Girk2 did not have significantly smaller input conductances. It is important to note that our single-cell RT-PCR protocol does not distinguish between the different Girk2 splice variants and that the results are not quantitative i.e., we have no information on the relative abundance of Girk1 and Girk3 mRNA compared to that of Girk2 in coexpressing dopaminergic SN neurons. Additional mechanisms might be operative both on mRNA and protein levels, e.g., differential expression of Girk2 splice variants (Inanobe et al., 1999 , Wei et al., 1998 or Girk channel protein downregulation , which control the number of homomeric wvGirk2 channels. In this context, it is an interesting question how wvGirk2 and wild-type Girk2 subunits interact in dopaminergic neurons of heterozygous weaver mouse. We demonstrated that dopaminergic SN neurons in heterozygous weaver possess slightly different electrophysiological properties compared to wild-type, suggesting that the formation of mutant Girk2 channels might not be fully prevented in these (wv/ϩ) neurons. This is consistent with recent reports that demonstrated that a mild form of neurodegeneration of dopaminergic midbrain neurons does also occur in heterozygous weaver mice (Verina et al., 1997) .
In contrast to conflicting results from cerebellar granule cells (Kofuji et al., 1996; Surmeier et al., 1996; Slesinger et al., 1997; Rossi et al., 1998) , we present molecular and f unctional evidence at the level of single cells that dopaminergic SN neurons clearly possess a gain-of-function mutation during the most active stage of neurodegeneration (Verney et al., 1995) . wvGirk2 channels disturb the physiological activity of dopaminergic neurons. The chronic depolarization might lead to sodium and calcium overload, and consequently to cell death (Kofuji et al., 1996) . A novel and surprising aspect of the weaver phenotype of dopaminergic SN neurons is our finding that K-ATP channels are coactivated in weaver dopaminergic SN neurons and actively contribute to the altered electrophysiological phenotype. Only acute inhibition of both wvGirk2 and K-ATP channels reestablished wild-type-like electrical activity, demonstrating the cooperative role of both channel types in determining the weaver phenotype. Preincubation of intact (i.e., non-patched) neurons with the wvGirk2 blocker QX-314 alone also induced wild-type-like pacemaker activity. This indicated that K-ATP channel activation is induced by active wvGirk2 channels in a specific and reversible manner. How might the activity of wvGirk2 channels activate K-ATP channels? The wvGirk2-mediated sodium load might stimulate Na/K-ATPase activity and thus reduce cytosolic ATP concentrations finally leading to a disinhibition of K-ATP channels. Indeed, recent studies demonstrated that intracellular sodium loading (Seutin et al., 1996) activated K-ATP channels in dopaminergic SN neurons similar to other forms of metabolic stress (Röper and Ashcroft, 1995; Stanford and Lacey, 1995; Watts et al., 1995; Liss et al., 1999) . Open K-ATP channels will partially counterbalance the wvGirk2-induced membrane depolarization but will also increase the driving force for more sodium entry. As a rise of the intracellular sodium concentration will also directly stimulate wvGirk2 channels activity, wvGirk2 and K-ATP channels might be coupled by a positive feedback loop (Silverman et al., 1996) .
In addition to the control of wvGirk2-mediated channels, the expression of K-ATP channel subunits is also likely to be involved in neuronal survival in the weaver mouse. We have recently shown that wild-type dopaminergic SN neurons display a heterogeneous K-ATP subunit profile with alternative expression of the sulfonylurea receptor isoforms SUR1 and SUR2B. We could also demonstrate that alternative SUR expression correlated on the single-cell level with the metabolic sensitivity of K-ATP channels, with SUR1-mediated K-ATP channels possessing a 200-fold higher sensitivity compared to SUR2-mediated channels (Liss et al., 1999) . In the same study, we detected a surprisingly homogeneous K-ATP channel expression profile for weaver dopaminergic SN neurons. All cells coexpressed only SUR1 ϩ K ir6.2, whereas transcripts of the SUR2 isoform were not detected in (wv/wv) dopaminergic SN neurons. Here, we described a high sulfonlyurea sensitivity (IC 50 ϭ 7 M) in all (wv/wv) dopaminergic SN neurons consistent with the pharmacological properties of SUR1-containing K-ATP channels. The striking differences in K-ATP channel expression profiles between wild-type and weaver might indicate that the expression of SUR1-mediated K-ATP channels does not only contribute to the weaver phenotype but is also relevant for selective survival of a subpopulation of (wv/wv) dopaminergic neurons. The weaver mutation does not induce neurodegeneration in all Girk2-expressing DA neurons but targets a highly vulnerable mesostriatal subsystem of DA neurons (Graybiel et al., 1990; Bayer et al., 1995b; Adelbrecht et al., 1997) . A similar pattern of subpopulation-selective degeneration within the substantia nigra has been described in idiopathic Parkinson's disease and its neurotoxicological animal models (Hirsch et al., 1997; Lang and Lozano, 1998) . The Girk2 mutation defines the initial metabolic stressor in the weaver model. A similar role of Girk2 mutations for Parkinson's disease has been excluded (Bandmann et al., 1996) . Several other genetic or metabolic candidate trigger mechanisms have been proposed for Parkinson's disease (Hirsch et al., 1997; Lozano et al., 1998) . However, the molecular mechanisms of the selective vulnerability of dopaminergic SN neurons in Parkinson's disease remain unresolved. In Parkinson's disease as well as in the weaver model, a marker for surviving dopaminergic SN neurons is the presence of the calcium-binding protein calbindin. Our single-cell RT-mPCR experiments showed that in contrast to wild-type all analyzed (wv/ wv) dopaminergic SN neurons were calbindin-positive and thus likely to be members of the most resistant subpopulation of dopaminergic neurons. Thus our data strongly suggest that selective expression and coactivation of SUR1-mediated K-ATP channels with high metabolic sensitivity is relevant for the survival of 
